INT ROD UCT ION
In HIV-1 infection, cytotoxic immune response plays a central role in controlling viral replication. When an HIV-1 variant is transmitted to a new recipient, the founder virus or viruses face an immune response mediated by mostly novel HLA alleles (i.e., not present in the previous host) and CTL escape mutations to the recipient's HLA alleles are selected, whereas escape mutations to the donor's HLA revert, leading to a "new virus" that is now adapted to the new host. This current view is supported by previous studies showing that the presence of multiple HIV-1 polymorphisms in a particular individual is statistically linked to their HLA alleles (Moore et al., 2002; Bhattacharya et al., 2007; Avila-Rios et al., 2009; Brumme et al., 2009; Carlson et al., 2012) , that rapid selection of escape mutations occurs in the early weeks of infection (Brockman et al., 2007 (Brockman et al., , 2010 Brumme et al., 2008; Goonetilleke et al., 2009; Fischer et al., 2010; Henn et al., 2012) , and that certain CTL escape mutations are deleterious to the viral fitness (Troyer et al., 2009; Brockman et al., 2010; Song et al., 2012; Wright et al., 2012; Liu et al., 2014a,b; Adland et al., 2015; Shahid et al., 2015) , imposing pressure to revert to WT after being transmitted to a new host lacking the selecting HLA allele (Leslie et al., 2004; Matthews et al., 2008; Crawford et al., 2009) . Despite the fact that some CTL escape mutations are deleterious to in vivo fitness, selection of these mutations still occurs, likely because the benefit of escaping immune pressure is more important. Moreover, this model is supported by the observation that population-level consensus sequences of HIV-1 are relatively stable over time, suggesting that individuals are infected with viruses in which a majority of epitopes relevant to their immune response are consensus (Dilernia et al., 2008; Carlson et al., 2014; Cotton et al., 2014) .
HIV-1 evolving to readapt to a new host's immunogenetic background is the basis for the rationale imple-HIV-1 adapts to a new host through mutations that facilitate immune escape. Here, we evaluate the impact on viral control and disease progression of transmitted polymorphisms that were either preadapted to or nonassociated with the new host's HLA. In a cohort of 169 Zambian heterosexual transmission pairs, we found that almost one-third of possible HLA-linked target sites in the transmitted virus Gag protein are already adapted, and that this transmitted preadaptation significantly reduced early immune recognition of epitopes. Transmitted preadapted and nonassociated polymorphisms showed opposing effects on set-point VL and the balance between the two was significantly associated with higher set-point VLs in a multivariable model including other risk factors. Transmitted preadaptation was also significantly associated with faster CD4 decline (<350 cells/µl) and this association was stronger after accounting for nonassociated polymorphisms, which were linked with slower CD4 decline. Overall, the relative ratio of the two classes of polymorphisms was found to be the major determinant of CD4 decline in a multivariable model including other risk factors. This study reveals that, even before an immune response is mounted in the new host, the balance of these opposing factors can significantly influence the outcome of HIV-1 infection.
Balance between transmitted HLA preadapted and nonassociated polymorphisms is a major determinant of HIV-1 disease progression mented for vaccine design in which epitopes designed based on population-level consensus sequences are selected as immunogens (Fischer et al., 2007; Létourneau et al., 2007; McMichael et al., 2010; Borthwick et al., 2014; Kulkarni et al., 2014; Haynes, 2015; Mothe et al., 2015) . However, the consequences of wrongly assuming that all epitopes in the transmitted virus will be consensus could have a significant impact on the success of current and future vaccine candidates, leading vaccine development in the wrong direction. In fact, transmission of CTL escape mutations has been previously reported by us (Goepfert et al., 2008; Crawford et al., 2009; Carlson et al., 2014) and others Leslie et al., 2004; Matthews et al., 2008; Schneidewind et al., 2009; Roberts et al., 2015) and, despite evidence for reversion, there is also evidence for accumulation of these mutations at the population level (Leslie et al., 2005; Dilernia et al., 2008; Kawashima et al., 2009; Cotton et al., 2014) . Moreover, besides the fact that viral escape during an established infection has been widely studied (Goulder et al., 1997; Kelleher et al., 2001; Leslie et al., 2004 Leslie et al., , 2005 Brockman et al., 2007; Matthews et al., 2008; Crawford et al., 2009) , the impact of transmission of CTL escape mutations relevant to a new host that has not yet mounted a cytotoxic immune response on disease progression remains unclear.
In the present study, we performed an in-depth analysis of transmitted Gag polymorphisms in a cohort of subtype C HIV-1 heterosexual transmission pairs from Zambia in which plasma samples from both the transmitting partner (donor) and the newly infected individual (recipient) were collected near the time of transmission. We show here that a majority of the mutations found in the chronic virus are likely the result of immune selection that occurred in prior rounds of infection, arguing in favor of the transmission and stability of certain escape mutations. We also show that almost a third of available HLA-linked sites present in the founder virus already harbor mutations that are associated with escape. Finally, we demonstrate that it is the delicate balance between the number of transmitted mutations relevant to the recipient's HLA alleles (preadapted) and the remaining mutations transmitted from the donor partner (nonassociated) that ultimately determines the rate of disease progression within a newly infected individual.
RES ULTS
Transmitted viruses exhibit a large degree of preadaptation to the new host Estimation of the actual degree of adaptation of the transmitted virus to the recipient's immunogenetic background (preadaptation) has been difficult to determine due to the lack of information on the quasispecies present in the donor at the time of transmission, leading to uncertainty in determining if the mutations observed in the newly infecting virus were transmitted from the donor or rapidly selected in the recipient. This is because, in general, newly infected individuals identified for previous studies have been insufficiently close to transmission to unambiguously define the transmitted/founder virus. In this study, we were able to determine the degree of preadaptation of the transmitted virus to the HLA Class I alleles present in the recipient by simultaneously collecting plasma samples from 169 donors and their virologically linked recipient within 3 mo after the estimated date of infection (EDI; median [interquartile range; IQR] = 45.5 [39-49] d) and performing population PCR amplification and sequencing of the gag gene.
Initially, we determined the degree of adaptation of the viral population from the chronically infected partner (donor) relative to their own HLA Class I alleles. For this, we determined the number of polymorphisms (defined as amino acids not present in the Zambian consensus sequence) that could be attributed to immune escape from the donor's HLA alleles. This number was obtained by counting polymorphisms that were located in positions statistically linked to the particular HLA Class I alleles present in each donor (HLA-linked, considering positions identified with a q-value <0.2 on the correction for multiple comparisons in a larger cohort of subtype C-infected individuals from Zambia, Botswana, and South Africa; Carlson et al., 2014) , as well as polymorphisms located in well-defined CTL epitopes (A-list epitopes; Llano et al., 2013) restricted by the HLA alleles present in the donor. By obtaining the sum of these two previous numbers (after removing redundant cases), we determined that a median 25.8% (IQR, 20.0-30.6%) of the polymorphisms found in the donor sequence could be associated with immune escape to the HLA Class I-mediated immune response in that host (HLA-linked + A-list epitopes; Fig. 1 A) . As shown in Fig. 1 A, the percentages of HLA-linked and epitope-located polymorphisms incompletely overlapped, with HLA-linked polymorphisms located outside known epitopes as well as polymorphisms located in epitopes that were not statistically linked to the selecting HLA Class I allele. This relatively low percentage of HLA-associated polymorphisms in the donor cohort indicates that the bulk of polymorphisms present in the circulating chronic viruses are not associated with viral adaptation to the current host's immune response. Indeed, when we expanded this analysis to any HLA allele present in the study population, we found that a majority (median [IQR] = 77.3% [73.8-81 .1%]) of polymorphisms could be attributed to selection by some HLA Class I allele present in Zambia (Fig. 1 B) , suggesting they had been selected in previous rounds of infection and subsequently transmitted.
The fact that circulating chronic viruses exhibit large numbers of polymorphisms that are adapted to multiple HLA Class I alleles present in the Zambian population suggests that transmitted variants might harbor significant numbers of preadapted polymorphisms relevant to the HLA Class I allele repertoire of the recipient. This is supported by the fact that we observed that a majority (median [IQR] = 85% [77.6-92 .7%]) of polymorphisms found in the donor sequence were also present in the transmitted virus, indicating a high rate of transmission of polymorphisms (Fig. 1 C) . Interestingly, as also shown also in Fig. 1 C, transmission of polymorphisms was not homogeneous between all the proteins encoded by gag (P < 0.0001, Kruskal-Wallis test), with p17 and p6 transmitting a significantly smaller proportion of polymorphisms than p24, p2, p7, and p1. Therefore, to estimate the degree of preadaptation of the transmitted virus to the HLA alleles of the recipient, we determined the number of transmitted polymorphisms (defined as polymorphisms present in the corresponding donor quasispecies sequence and the recipient virus sequence at the time of transmission) that were associated with the HLA Class I alleles present in the recipient, considering both HLA-linked as well as those located in well-described epitopes, as described previously. We found that overall, 18.8% of transmitted polymorphisms (median [IQR] , 12.9-24.1%) were already adapted to the HLA Class I-mediated immune response in the recipient (Fig. 1 D) .
Because our study population is infected with subtype C variants and most of the well-defined (A-list) CTL epitopes have only been described for subtype B, we identified putative CTL epitopes across the Zambian subtype C consensus sequence. A total of 120 9-mer peptides were predicted to bind toHLA alleles present in the population (IC 50 < 500 nM) and a median of 25 (IQR, 16-35) of those 9-mer peptides were predicted to constitute the putative repertoire of epitopes targeted per patient. Across these putative epitopes, we found that 40% (median [IQR] , 34.1-47.6%) of these potential immune targets harbored at least one transmitted polymorphism that could impact their recognition by the CTL immune response.
If transmitted preadapted polymorphisms affect the capacity of the recipient to mount an immune response against the transmitted/founder virus, the degree of preadaptation found in the transmitted virus will have a significant impact on the course of the infection in the newly infected individual. To test this hypothesis, we restricted further analysis to the HLA associations with a q-value <0.01, because they represent those with the highest potential for biological relevance. Also, compared with the set of HLA associations with a q-value between 0.2 and 0.01, transmitted polymorphisms linked to HLA with a q-value <0.01 were significantly more represented in predicted epitopes exhibiting strong binding affinities for the selecting HLA allele (<50 nM), whereas they were less represented in predicted epitopes exhibiting binding affinities for the selecting HLA above the biologically relevant range (>1,100 nM; Fig. 2 A) .
Moreover, because some escape mutations selected by the CTL immune response can accumulate to >50% (Kawashima et al., 2009 ), but nevertheless can add to the level of preadaptation of the transmitted virus, we also included adapted consensus residues in our estimation of the preadaptation of the transmitted virus. This was observed in 7 out of the 50 positions with HLA associations (n = 131 associations). The full set of preadapted residues (consensus and nonconsensus) were linked to a wide variety of HLA-A, B, and C alleles and were distributed across all of the proteins encoded by the gag gene including the less studied p7, p2, p6, and p1. Overall, most were linked to HLA-B alleles (52.4%), although 27.4% of them were identified to be associated with Figure 1 . A high proportion of transmitted polymorphisms are already adapted to the newly infected individual's HLA alleles. The degree of adaptation of the donor virus to the HLA alleles of the donor (A) and the degree of preadaptation of the recipient virus (considering only polymorphisms also present in the donor virus) to the HLA alleles of the recipient (D) were measured based on the number of HLA-linked polymorphisms relevant to the host (HLA-linked), the number of polymorphisms located within well-defined CTL epitopes restricted by its HLA alleles (A-list epitopes) and the nonredundant sum of these two variables (HLA-linked + A-list epitopes). We also measured the degree of adaptation of the donor virus with respect to all the HLA alleles present in the Zambia population (B) using the same strategy. Transmission of polymorphisms (C) was calculated as the percentage of donor viral polymorphisms that were also found on the recipient virus. n = 168 (because HLA-C typing was missing in one patient) for donors and n = 169 for recipients, except when breaking down Gag into p2 (n = 161), p7 (n = 167), p1 (n = 71), and p6 (n = 168). In every case, each data point represents a single individual. ****, P < 0.0001, Dunn's test for multiple comparisons.
HLA-A and 20.3% with HLA-C (Fig. 2 B) . Preadapted residues were particularly frequent in certain positions, such as A146NPS TV (59/169 individuals), Y79FH (36/169 individuals), I147LM (32/169 individuals), and D312E (31/169 individuals). Interestingly, these preadapted residues were linked to multiple different HLA alleles, indicating that these positions constitute hot spots of immune recognition. For each of the remaining positions with HLA associations (n = 46), preadapted residues were observed <20% of the time in the study population (Fig. 2 C) .
In summary, the overall degree of transmitted viral preadaptation was estimated by calculating the number of HLAlinked positions that could be targeted in each individual according to their HLA alleles repertoire and then determining the proportion of these sites that was preadapted (harbored a preadapted nonconsensus or consensus residue) for each individual. We found that 28.6% (median [IQR], 18.8-40.0%) of a median of 8 (IQR, 5-10) HLA-linked positions/individual harbored a transmitted residue that could be associated with escape. This proportion of preadapted sites was used in the analyses described below to determine the impact of transmitted preadaptation on viral control and disease progression.
The balance between preadaptation and nonassociated polymorphisms in the transmitted virus defines early setpoint VL in the newly infected individual We analyzed the impact of preadaptation and nonassociated polymorphisms (defined as polymorphisms not linked to the HLA alleles present in the recipient) of the transmitted virus on the early control of viremia in a subset of recipients for whom we had data on early set-point viral load (VL), transmitted virus replicative capacity (RC; measured using Gag-MJ4 chimeras; Prince et al., 2012) and longitudinal CD4 counts (n = 74). An analysis of the correlation between the proportion of preadapted sites in the transmitted virus and early set-point VL (defined as the earliest nadir VL value after peak viremia) showed a positive association (P = 0.0009; Spearman test; Fig. 3 A) . In contrast, nonassociated polymorphisms were inversely correlated with early set-point VL (P = 0.016; Spearman test; Fig. 3 B) .
Because several host-genetic and viral factors have been previously reported to have an independent significant contribution to early set-point VL (Yue et al., 2013) , we further assessed the biological effect of transmitted preadaptation and nonassociated polymorphisms by performing a multivariable analysis in which we adjusted for other risk factors, including gender, B*57 allele, HLA-B allele sharing between donor and recipient, and RC. All factors included were significantly associated with early set-point VL in a univariate analysis (gender, P = 0.002; B*57, P = 0.001; HLA-B sharing, P = 0.032; RC, P = 0.021, Mann-Whitney test) and, with the exception of HLA-B sharing (P = 0.092), remained significant in a multivariable model (Table 1) . After adding transmitted preadaptation and nonassociated polymorphisms to this model, we observed that both were significant with opposing effects (β = 0.009, P = 0.032 and β = −0.035, P = Transmitted HLA-linked polymorphisms identified using HLA associations with a q-value <0.01 were selected to estimate the degree of preadaptation of the recipient sequence. A putative CD8 + T cell epitope overlapping each of the transmitted HLA-linked polymorphisms was identified as the 8-, 9-, 10-, or 11-mer peptide exhibiting the lowest IC 50 to the associated HLA allele as predicted by NetMHCpan (A). Associated HLA alleles for the preadapted residues (nonconsensus and consensus) are shown in low resolution, though in some cases it represented more than one high-resolution allele (B). The sum of these polymorphisms for the 169 recipients (n = 394) was mapped relative to the HXB2 reference sequence, classifying them as nonconsensus (red) and consensus (blue) residues based on the Zambian cohort consensus sequence (C).
0.001, respectively; Table 1 ), whereas the influence of gender and sharing of HLA-B alleles was lost. This may reflect the fact that, consistent with our previous observation , females had a significantly higher number of nonassociated polymorphisms transmitted to them (P = 0.017, Mann-Whitney test; Fig. 3 D) and also with the observation that individuals who share HLA-B alleles with their donor have a higher proportion of preadapted sites (P = 0.019, Mann-Whitney test; Fig. 3 E) .
Because the impact of transmitted preadaptation and nonassociated polymorphisms on early set-point VL is not strictly a 1:1 relationship, because these two values varied independently of each other, one might expect that individuals infected by a virus with a greater degree of preadaptation and a smaller number of nonassociated polymorphisms would fare worse than one infected with these factors reversed. Thus, we sought to investigate further their contribution by using a ratio of the two that summarized the opposing effects into one single variable for each individual. An analysis of the correlation between this ratio and early set-point VL showed a highly significant positive association (P < 0.0001, Spearman test; Fig. 3 C) , that remained significant in a multivariable analysis (β = 0.306; P = 0.010; Table 1 ). Thus, early set-point VL reflects the balance between the positive influence of preadaptation and a negative impact of nonassociated polymorphisms.
A greater ratio of transmitted preadaptation/nonassociated polymorphisms is associated with a faster CD4 decline in the newly infected individual To assess the impact of preadaptation and nonassociated polymorphisms in the transmitted virus on the course of infection in a newly infected individual, we analyzed the association between these two variables and CD4 decline to <350 cells/ µl (n = 74). In a univariate Cox analysis, we found that the proportion of preadapted sites in the transmitted virus was near significant for CD4 decline (P = 0.052). However, recipients infected with viruses in which one half or more of their HLA-linked sites were preadapted showed a significantly faster CD4 decline (P = 0.006, log-rank test; Fig. 4 A) , consistent with the detrimental role observed for preadaptation on early set-point VL. In contrast, nonassociated polymorphisms were not significantly associated with CD4 decline in a univariate Cox analysis (P = 0.58); however, for those individuals in the upper quintile, we found a trend toward significance for slower CD4 decline (P = 0.062, log-rank test; Fig. 4 B) , consistent with the negative impact of these polymorphisms on early set-point VL.
To further investigate the relative contributions of transmitted preadaptation and nonassociated polymorphisms to the rate of disease progression in the context of other baseline Figure 3 . A greater ratio of preadapted to nonassociated sites in the transmitted virus is correlated with a higher early set-point VL in the newly infected individual. The univariate correlation between proportion of preadapted sites (A), nonassociated polymorphisms (B) and the ratio between the two (C), and early set-point VL was analyzed using a Spearman test. The amount of transmitted nonassociated polymorphisms in male and female (D) and the proportion of preadapted sites in individuals that do and do not share HLA-B alleles (E) were compared using a Mann-Whitney U test (P = 0.017 and P = 0.019, respectively). n = 74. risk factors, we used the random survival forest (RSF) method. Compared with the traditional Cox regression model, the RSF is less restrictive in terms of the assumptions it makes, is more resistant to nuisance variables and is able to detect interactions between variables. By implementing this method, we found that the proportion of preadapted sites was the variable most strongly associated with CD4 decline, followed by early set-point VL, RC, and nonassociated polymorphisms (indicated by the dark red color in the diagonal in Fig. 4 D) . Also, we found that these two opposing aspects of the transmitted virus (preadaptation and polymorphisms that likely reduce viral replicative fitness) interact with early set-point VL and RC in defining the rate of CD4 decline (indicated by the darker shades of color outside the diagonal in Fig. 4 D) . Consistent with this result, a Cox regression analysis that included both transmitted preadaptation and nonassociated polymorphisms (dichotomized accordingly with the RSF analysis) in the context of RC, showed that preadaptation was significantly associated with more rapid CD4 decline (HR, 2.07; P = 0.015) and nonassociated polymorphisms with slower CD4 decline (HR, 0.42; P = 0.046; Table 2 ).
Given the opposing effects of transmitted preadaptation and nonassociated polymorphisms in CD4 decline, we again anticipated that the relative abundance of one versus the other within a single virus might better define their contribution. Analyzing this ratio (preadapted/nonassociated), we found a stronger statistical association compared with the analysis performed with each variable independently in a Cox univariate analysis (P = 0.007). Moreover, individuals infected with virus exhibiting a high ratio showed a significantly higher rate of CD4 decline (P = 0.006, log-rank test; Fig. 4 C) . This result was confirmed in a RSF analysis where the ratio showed again the strongest contribution to CD4 decline followed by early set-point VL and RC, with each of these factors demonstrating interactions (Fig. 4 E) . Consistent with these results, a Cox regression analysis of this ratio in the context of RC showed independent contributions of both variables (HR = 1.70, P = 0.008 and HR = 0.53, P = 0.034, respectively; Table 2 ), but we were not able to test the impact of these variables in the context of early set-point VL as it was highly correlated with the ratio (Fig. 3 C) . Therefore, the balance between transmitted preadaptation and nonassociated polymorphisms significantly determines CD4 decline independently of RC, to a large extent through its impact on early set-point VL. However, the RSF analysis suggests that this ratio, having the highest contribution, may also influence CD4 decline through an additional independent mechanism.
A greater transmitted preadaptation is associated with a narrower and diminished CTL immune response in the newly infected individual One mechanistic explanation for the association between preadaptation and high VL would be that individuals infected with a virus exhibiting a high proportion of preadapted sites induces a less robust immune response. We, therefore, evaluated early CTL immune responses in linked recipients infected with a virus exhibiting either a high (≥50% and an early set-point VL ≥ 40,000 copies/ml) or a low (≤20% and an early set-point VL<40,000 copies/ml) proportion of preadapted sites by stimulating cryopreserved PBMCs (median of 68 d after EDI) with autologous peptides using an IFN-γ ELISpot assay. Autologous peptides were synthesized based on the putative epitopes predicted on the Zambian consensus sequence and covered every HLA-linked position that could be targeted in each individual according to their HLA allele repertoire. We found that individuals infected with a Figure 4 . A greater ratio of preadapted to nonassociated sites in the transmitted virus is associated with faster disease progression. The univariate association between proportion of preadapted sites (A), nonassociated polymorphisms (B), and the ratio between the two (C), and the rate of CD4 decline to <350 cells/µl was analyzed by the log-rank test (P = 0.006, P = 0.062, and P = 0.006, respectively). All three variables were dichotomized using a cut-off consistent with that obtained in an independent analysis (RSF). A RSF test was used to determine the contribution of the proportion of preadapted sites and nonassociated polymorphisms (D), as well as the ratio between the two (E) to the rate of CD4 decline in the context of other risk factors. In this analysis, the order of the variables from left to right, as well as the color in the diagonal, indicate their importance whereas the color of the squares outside of the diagonal indicates the strength of the interaction between the two variables (dark red to light yellow). n = 74. ) was used to analyze the independent contribution of each of the variables included in defining CD4 decline. Proportion of preadapted sites was dichotomized on the highest quintile, which corresponded to individuals where the transmitted virus had half or more of its HLA-linked sites adapted (n = 19). Nonassociated polymorphisms were also dichotomized in the highest quintile, which corresponded to individuals where the transmitted virus harbored 38 or more nonassociated polymorphisms (n = 12). RC was dichotomized on the lowest tercile as shown previously in Prince et al. (2012) , representing individuals with low RC (n = 25). All these three cut-offs were consistent with the cut-offs used in an independent RSF analysis. n = 74 in every model. We also evaluated the IFN-γ-producing response against a pool of Consensus C Gag peptides in both groups and observed a lower magnitude in individuals infected with a virus exhibiting a high proportion of preadapted sites (P = 0.007, Mann-Whitney U test; Fig. 5 C) .
To confirm that preadapted epitopes elicit either no or low-magnitude CTL immune responses, we classified all the autologous peptides as adapted (when they contained an HLA-associated residue) or nonadapted (which included consensus peptides as well as all variants where polymorphisms were located outside of the target sites). We observed that only 21% of adapted peptides elicited a positive immune response in at least one individual, whereas 46% of nonadapted peptides did (P = 0.013, Fisher's exact test; Fig. 5 D) .
When comparing the magnitude of the positive responses (Fig. 5 E) , we found that nonadapted epitopes induced higher numbers of IFN-γ-producing cells than adapted epitopes (P = 0.009, Mann-Whitney U test).
Interestingly, out of the 61 different predicted epitopes tested, 19.7% (12/61) were previously described in the best-defined CTL epitopes, also known as A list epitopes (Llano et al., 2013) , whereas 80.3% (49/61) constituted novel targets, that were either located in novel regions (23/49) or restricted by a different HLA allele (26/49). Of these 49 epitopes tested, 53.1% (26/49) elicited a CTL immune response in at least one subtype C infected individual, confirming them as novel epitopes (Table S2 ). In fact, this response rate was similar to that observed for the 12 A list epitopes tested (50%; 6/12). Also important, these autologous peptides (as well as the consensus C Gag peptide pool) did not elicit any positive responses when tested in HIV-negative donors (n = 11).
Together, these results support our hypothesis that transmission of preadapted epitopes limits the ability of the immune response to target the transmitted variant, contributing to higher early set-point VLs and faster CD4 decline in the newly infected individual. , based on the putative epitopes predicted on the Zambian consensus sequence that contained every HLA-linked site that could be targeted in each individual according to their HLA alleles repertoire, were used for stimulation of PBMCs in an ELISpot assay. Individuals with a high (≥50% and an early set-point VL≥40,000 copies/ml) and a low (≤20% and an early set-point VL<40,000 copies/ml) proportion of preadapted sites were compared in both the number (A) and the percentage (B) of responding peptides using a Mann-Whitney U test (P = 0.004 for both). Stimulation with a pool of Consensus C Gag peptides (C) was also performed (P = 0.007). Peptides were classified as adapted (containing an HLA-linked residue) or nonadapted and compared in their ability to elicit an IFN-γ secreting response (D, proportion of responding peptides, P = 0.013, Fisher's exact test; E, magnitude of the positive responses, P = 0.009, Mann-Whitney U test).
DIS CUS SION
During HIV-1 transmission, despite a level of selection bias that favors consensus amino acids , we show that a majority (85%) of the nonconsensus polymorphisms encoded by the donor virus quasispecies are present in the transmitted virus. Surprisingly, while only a minority (25.8%) of donor polymorphisms can be attributed to selection within the donor, a large majority (77.3%) is associated with selection by Zambian HLA allele-mediated immune responses. Moreover, we show that HIV-1-transmitted variants already exhibit a significant degree of preadaptation to the new host's HLA alleles that determines early set-point VL and the rate of disease progression in the newly infected individual.
Several studies have focused on analyzing the role of transmitted viral characteristics and host genetics in disease progression (Migueles et al., 2000; Gao et al., 2005 Gao et al., , 2010 Thobakgale et al., 2009; Brennan et al., 2012; Prince et al., 2012; Casado et al., 2013; Dalmau et al., 2014; Adland et al., 2015; Claiborne et al., 2015) . However, the role of transmitted preadaptation, even when implicated in disease progression, has been under appreciated, likely because without prior knowledge of the sequence of the virus quasispecies in the transmitting partner, it is difficult to distinguish transmitted adaptation from mutations that arise early in the newly infected individual (Dalmau et al., 2014) . In the present study, we obtained the donor virus sequence near the time of transmission and focused our analysis only on polymorphisms that were present in both the donor and the recipient, which allowed us to determine that on average, almost one-fifth of transmitted nonconsensus polymorphisms were preadapted to the new host's HLA alleles. Although it is possible that there were cases in which a minor variant in the donor was not detected and the polymorphism was still transmitted to the newly infected individual, only a small percentage (median [IQR] = 6.5% [2.9-11.4%]) of polymorphisms present in the recipient sequence were absent in the donor sequence. It is more likely that this small subset of polymorphisms is actually the result of early escape selected by the developing CTL immune response (Fischer et al., 2010; Henn et al., 2012) , and this possibility is supported by the fact that the proportion of these polymorphisms present in the recipient was positively correlated with the time from EDI to sampling date (P = 0.018, Spearman test).
A surprising observation was that the fraction of polymorphisms associated with CTL escape in the virus quasispecies of chronically infected donors (25.8%) is only 7% higher than the fraction of preadapted polymorphisms in the variant transmitted to the newly infected individual (18.8%). This suggests that, even though the virus undergoes a dynamic process of selection and reversion after transmission, around three-quarters of the viral adaptation observed in the chronic donors is acquired at the moment of transmission. This result is also consistent with the small number of newly selected HLA-linked polymorphisms observed in Gag during the course of infection (Gounder et al., 2015; Roberts et al., 2015) . Moreover, this study also shows that the high degree of preadaptation found in transmitted viruses is not simply a consequence of allele sharing between donor and recipient, but is instead a result of the high proportion of donor polymorphisms that can be associated with HLA alleles that are not necessarily the donor's but that are nonetheless present in the Zambian population.
It is also interesting to note that the large proportion of polymorphisms adapted to HLA alleles not present in the donor belies the concept that a majority of polymorphisms are detrimental to the virus and will revert shortly after transmission. In fact, our finding is consistent with our recent report of a limited reversion rate in newly infected individuals during the first two years of infection (2% per yr; Carlson et al., 2014) . This is also consistent with evidence of accumulation of CTL escape mutations at the population level (Leslie et al., 2005; Dilernia et al., 2008; Kawashima et al., 2009; Cotton et al., 2014) and likely means that these mutations either have a limited impact on virus fitness or have evolved in the presence of compensatory mutations (Liu et al., 2014a; Shahid et al., 2015) . It is important to note, however, that none of these studies have found a large increase in the prevalence of CTL escape mutations over time, suggesting a limit to their accumulation at the population level. Although we did find recipients infected with variants harboring as many as 47 nonassociated transmitted polymorphisms, these larger numbers were associated with lower early set-point VLs and slower CD4 decline. Overall, this evidence suggests a limited impact of individual polymorphisms on virus fitness but a detrimental effect derived from their accumulation.
A key finding of this study is that the contribution of individual polymorphisms to HIV-1 pathogenesis depends on the genetic context presented by the new host. We found that there is a balance of effects from polymorphisms that reduce immune recognition of the transmitted-founder virus, as shown by the reduced number of responsive epitopes as well as the lower proportion of responsive target sites observed in individuals with a high proportion of preadapted sites, and those that might negatively impact in vivo replicative fitness. Specifically, a higher proportion of preadapted HLA-linked sites (preadaptation) is positively associated with higher early set-point VL, whereas increasing numbers of transmitted nonassociated polymorphisms are associated with a lower early set-point VL. The former result is consistent with an analysis using an alternative probabilistic model for defining adaptation of a viral sequence to an individual's HLA alleles (Carlson et al., 2016) , whereas the latter result is consistent with our previous report on a smaller number of individuals (n = 35) where HLA-B associated polymorphisms transmitted to recipients lacking the selecting alleles were independently associated with lower early VLs (Goepfert et al., 2008) . However, here we take into account the impact of all polymorphisms that are not relevant to the recipient's HLA-alleles irrespective of whether or not they are statis-tically linked to other HLA alleles, and analyze the relative impact of these antagonistic effects.
The balance between the opposing effects of preadaptation and viral replicative fitness is further highlighted by the much more significant impact on early set-point VL we observed when the ratio of preadaptation to nonassociated polymorphisms within each transmitted virus was analyzed. Importantly, we were able to observe this effect in a multivariable model that included other risk factors, such as gender, protective alleles, B-allele sharing, and RC. This ratio appeared to capture the relevance of both gender and HLA-B allele sharing, as these two parameters lost significance in the model, whereas B*57 and RC remained significant.
Similarly, both transmitted preadaptation and nonassociated polymorphisms are directly associated with the rate of CD4 decline but with opposing effects, and their impact on disease progression is even larger when both are considered together. The ratio of transmitted preadapted sites to nonassociated polymorphisms for each virus shows the strongest effect on CD4 decline (<350 cells/µl), even when early set-point VL, RC, gender, HLA-B allele sharing, and protective HLA alleles are taken into account. In other words, the balance between the degree of preadaptation and the overall divergence from consensus of the transmitted variant is a major determinant of the rate of disease progression. Moreover, in the RSF analyses, it is clear that there are strong interactions between preadaptation, nonassociated polymorphisms, early set-point VL and RC that also play a role in this process. It seems likely that both preadaptation and nonassociated polymorphisms may be exerting their impact on CD4 decline, at least in part through their influence on early set-point VL. Nevertheless, the results of the RSF analysis, which included all three independent variables, showed that preadaptation provided a stronger predictive ability than early set-point VL itself. This may reflect the reduced capacity of the immune system to target epitopes in viruses with a higher degree of transmitted adaptation later in infection, as the virus continues to escape from the CTL immune response. Indeed, because transmitted preadapted polymorphisms that impact disease progression are preferentially located in epitopes predicted to have a strong binding affinity for the linked HLA allele, this may require targeting of suboptimal epitopes that are less effective in immune control.
Relevant for the development of an HIV vaccine, it is important to note that almost a third of predicted epitopes in the transmitted virus were already adapted to the newly infected individual HLA allele repertoire. Preadaptation was associated with impaired recognition or weaker IFN-γ responses elicited by these epitopes. This suggests that population-level consensus sequences are not the optimal source of information for immunogen design, as many of these epitopes may be absent in the transmitted virus, arguing for immunogens that represent conserved regions of the HIV-1 proteome lacking significant adaptation.
Collectively, these results show that a large number of CTL escape mutations persist and circulate in the population, leading to the transmission of preadapted viral variants. We present evidence indicating that it is the balance between the effects of transmitted preadaptation, which determines the number and quality of epitopes effectively targeted during the course of infection, and nonassociated polymorphisms, which are likely linked to a reduced viral replicative fitness, that dictates HIV-1 disease progression. Therefore, transmitted polymorphisms represent a fundamental predictor of disease outcome and could inform HIV vaccine design strategies by focusing the development of immunogens on regions with limited evidence of selection and transmission of CTL escape mutations.
MAT ERI ALS AND MET HODS Study subjects
All participants in the Zambia-Emory HIV Research Project (ZEH RP) discordant couples cohort in Lusaka and Ndola, Zambia were enrolled in human subject protocols approved by both the University of Zambia Research Ethics Committee and the Emory University Institutional Review Board. Before enrollment, individuals received counseling and signed a written informed consent form. The subjects selected from the cohort (n = 169 couples) were initially HIV-1 serodiscordant partners in cohabiting heterosexual couples with subsequent intracouple (epidemiologically linked) HIV-1 transmission (McKenna et al., 1997; Allen et al., 2007; Kempf et al., 2008) . Epidemiological linkage was defined by phylogenetic analyses of HIV-1 gp41 sequences from both partners (Trask et al., 2002) . The estimated time since infection (ETI) was calculated as the time between the EDI (Haaland et al., 2009 ) and the time of the first available sample. Only couples with an ETI for the linked-recipient <3 mo were included in the study (median .0] days). Blood samples were obtained from both the transmitting source partner (donor) and the linked seroconverting partner (linked-recipient) at the earliest time point. All the patients included in this study were infected with subtype C HIV-1 strains and were antiretroviral therapy naive.
VL and CD4 count determinations HIV-1 plasma VL was determined at the Emory Center for AIDS Research Virology Core Laboratory using the Amplicor HIV-1 Monitor Test (version 1.5; Roche). A mean of 15 determinations were performed during the course of infection per linked recipients. Early set-point VL for the linked recipients was defined as the earliest nadir VL value measured after peak viremia (between 1 and 12 mo after EDI) that did not show a significant increase in value within a 1-yr window.
CD4 count was based on T cell immunophenotyping, with assays done using the FACScount System (Beckman Coulter) in collaboration with the International AIDS Vaccine Initiative. This determination was performed for the linked recipients every 3 mo during the first 2 yr of infection, and every 6 mo afterward. Time to CD4 count <350 cells/ µl was used to analyze the rate of disease progression. This variable was coded as the time in days between EDI and the first CD4 count below that specific value, or the date when antiretroviral treatment was initiated. CD4 count values were censored after ART initiation.
HLA class I genotyping
Genomic DNA was extracted from whole blood or buffy coats (QIAamp blood kit; QIA GEN). HLA class I genotyping relied on a combination of PCR-based techniques, involving sequence-specific primers (Invitrogen) and sequence-specific oligonucleotide probes (Innogenetics), as described previously (Tang et al., 2002) . Ambiguities were resolved by direct sequencing of three exons in each gene, using kits (Abbott Molecular, Inc.) designed for capillary electrophoresis and the ABI 3130xl DNA Analyzer (Applied Biosystems).
Amplification and sequencing of the gag gene from donors and linked-recipients Viral RNA was extracted from 140 µl of plasma using a viral RNA extraction kit (QIA GEN). Gag-Pol population sequences were generated using nested gene-specific primers. Combined RT-PCR and first round synthesis was performed using SuperScript III Platinum One Step RT-PCR (Invitrogen) and 5 µl viral RNA template. RT-PCR and first round primers included GOF (forward) 5′-ATT TGA CTA GCG GAG GCT AGAA-3′ and VifOR (RT-PCR and reverse) 5′-TTC TAC GGA GAC TCC ATG ACCC-3′. Second round PCR was performed using Expand High Fidelity Enzyme (Roche) and 1 µl of the first round PCR product. Nested second round primers include GIF (forward) 5′-TTT GAC TAG CGG AGG CTA GAA GGA-3′ and VifIR (reverse) 5′-TCC TCT AAT GGG ATG TGT ACT TCT GAAC-3′. Three positive amplicons per individual were pooled and purified via the PCR purification kit (QIA GEN). Purified products were Sanger sequenced by the University of Alabama at Birmingham DNA Sequencing Core. Sequence chromatograms were analyzed using Sequencher 5.0 (Gene Codes Corp.) and degenerate bases were denoted using the International Union of Pure and Applied Chemistry (IUP AC) codes when minor peaks exceeded 25% of the total peak height in both forward and reverse reads. Codons containing degenerate bases that corresponded to more than one amino acid were defined as mixtures, whereas those with no evidence of degenerate bases or with minor peaks comprising <25% of the total were defined as dominant variants. Sequences were codon aligned to the HXB2 reference sequence using HIVAlign (http ://www .hiv .lanl .gov /content /sequence /VIR ALI GN /viralign .html), followed by hand-editing. All viral sequences have been submitted to GenBank, accession nos. FJ606137-FJ606433, JQ219842, KM048382-KM048989, KP715728-KP715844, and KU043117-KU043162.
For every given couple, the total amount of nonconsensus polymorphisms present in the donor sequence was determined by comparing each sequence against the Zambian consensus sequence. The Zambian cohort consensus was defined using sequences from 375 chronically infected individuals, as described in Carlson et al. (2014) . However, the total amount of nonconsensus polymorphisms transmitted to the linked recipient was defined as the total amount of these polymorphisms present in the donor sequence that were also present in the recipient sequence. In this case, every polymorphism that was present in the recipient sequence but absent in the donor sequence was disregarded and considered as a newly selected polymorphism in the linked-recipient.
Identification of viral polymorphisms associated with CTL escape Viral polymorphisms were considered to be associated with CTL escape if they belonged to any of the following three categories: (1) HLA-linked polymorphisms, which are defined as polymorphisms located at an amino acid position for which a significant statistical association between a specific residue and a specific HLA class I allele has been found. The methodology implemented to identify these associations was described before and a complete list of significant associations at a q-value <0.2 (corresponding to a false discovery rate of 20%) is available in the External Database S1 . This analysis was done using the complete list of significant associations at a q-value <0.2, as well as limiting it to the associations identified at a q-value <0.01, which indicates that 99% of them are expected to be nonspurious. (2) Epitope-located polymorphisms, which are defined as polymorphisms located within the best-defined CTL epitopes, also known as A list epitopes (Llano et al., 2013) . (3) HLA-linked + Epitope-located polymorphisms, which are defined as the sum of polymorphisms that belong to any of the previous two categories, HLA-linked or epitope-located, excluding repeated cases. In this case, two sums were performed using either the q-value <0.2 or the q-value <0.01 cut-off for the count of HLA-linked polymorphisms.
Estimation of viral adaptation to the host CTL immune response
The degree of adaptation of the viral sequence to the CTL immune response of the host was measured based on the number of HLA-linked polymorphisms relevant to the host in terms of its HLA alleles repertoire, as well as the number of polymorphisms located within well-defined CTL epitopes restricted by its HLA alleles. Specifically, for the HLA-linked analysis, a viral polymorphism at a given position of the Gag protein in a given individual, was defined to be consistent with viral adaptation to that individual if: (1) the individual harbored an HLA allele that is statistically linked to a particular residue in that position; and (2) either the residue was positively correlated (referred to as adapted in the literature) with the HLA, or the residue was any other residue than the one negatively correlated (referred to as nonadapted in the literature) with that HLA.
In the case of the donor, all nonconsensus polymorphisms in the donor viral sequence were subjected to this classification, and the number obtained was considered as an estimation of the degree of adaptation of the chronic viral population to the CTL immune response of the donor, achieved by the virus at the moment it got transmitted to the recipient. In the case of the linked recipient, only recipient viral nonconsensus polymorphisms that were confirmed to be transmitted by comparison with the donor viral sequence were subjected to this classification, and the number obtained was considered to be an estimation of the degree of preadaptation of the transmitted virus to the new host. Alternatively, the degree of preadaptation of the transmitted virus was estimated by calculating the proportion of HLA-linked sites that could be targeted by each individual according to their HLA alleles that harbored a transmitted adapted residue (nonconsensus or consensus). Finally, the number of transmitted nonassociated polymorphisms was calculated for each linked-recipient by subtracting the number of preadapted HLA-linked polymorphisms from the total number of transmitted polymorphisms in a way that [total transmitted polymorphisms] = [nonassociated polymorphisms] + [HLA-linked polymorphisms relevant to the host].
Putative epitope identification
Total putative CD8 + T cell epitopes were identified in the Zambian consensus sequence using computational HLA/ peptide binding predictors to evaluate every possible 9-mer (n = 514). The binding affinity of each peptide to each HLA allele present in the Zambian population was predicted using NetMHCpan (version 2.8). An IC 50 < 500 nM was used as the criteria to identify all putative epitopes.
To identify the putative epitopes that contained all HLA-linked sites, we considered every overlapping 8-, 9-, 10-, and 11-mer peptide from the Zambian consensus sequence. Again, we evaluated the binding affinity of each peptide to the associated HLA allele and we selected the peptide with the lowest IC 50 as the putative epitope. The distribution of IC 50 values associated with three groups of sites was compared: (1) HLA-linked polymorphisms identified with a q-value <0.01; (2) HLA-linked polymorphisms identified with a q-value between 0.2 and 0.01; and (3) random sites. The set of random sites was chosen from the sequence alignment with uniform probability. Next, the epitope identification algorithm was repeated using the same set of HLA alleles. This set of putative epitopes was representative of a null hypothesis in which transmitted HLA-linked polymorphisms are no different from random sites.
Peptide synthesis
Autologous peptides for 20 linked-recipients were synthesized in a 96-well array format (New England Peptide). These peptides were based on the putative epitopes previously predicted on the Zambian consensus sequence that contained every HLA-linked site that could be targeted in each individual according to their HLA alleles repertoire. A list of all autologous peptides evaluated per linked recipient is provided in Table S1 .
IFN-γ ELISpot assays
IFN-γ ELISpot assays were performed using PBMCs obtained with a median of 67.8 (IQR, 47.6-87.5) d after EDI and a median of 24.5 (IQR, 6.5-57.5) d after the viral sequence was derived from plasma, as described previously (Bansal et al., 2007 (Bansal et al., , 2010 . In brief, cryopreserved PBMCs (n = 20) were thawed and allowed to rest overnight at 37°C. Cells were plated at 10 5 /well in triplicate and incubated with the antigens for 18 h. Autologous peptides and a pool of Consensus C Gag peptides (HIV-1 Consensus C Gag Peptide Pool, catalog number 12756, National Institutes of Health AIDS Reagent Program, Division of AIDS, NIA ID, National Institutes of Health) were used at a final concentration of 10 µM and 2 µg/ml, respectively. Unstimulated and PHA stimulated cells (10 µg/ml) plated in quadruplicate and duplicate, respectively, were used as negative and positive controls. Spot numbers were counted using an automated plate reader (CTL ImmunoSpot) and normalized to 10 6 PBMCs (spot-forming units [SFU]/10 6 PBMCs). All PBMCs samples showed a PHA response >500 SFU/10 6 PBMCs. Positive responses were defined as 50 SFU/10 6 PBMCs or >3 times the media-only negative control, whichever was highest.
Assays using the aforementioned antigens were also performed in HLA Class I-matched HIV-negative donors (n = 11) recruited from the Alabama Vaccine Research Clinic as a control for nonspecific reactivity.
Statistical analysis
Differences in percentages of viral polymorphisms between groups were assessed using the Kruskal-Wallis test and the Dunn's test for multiple comparisons, as implemented in Prism 6 (GraphPad).
The unadjusted correlation between transmitted proportion of preadapted sites and nonassociated polymorphisms as well as the ratio between these two variables (preadapted/ nonassociated) and early set-point VL (n = 74) was assessed by the Spearman test, as implemented in Prism 6. Generalized linear models (IBM SPSS 21) were applied to assess the impact of each of these three variables on early set-point VL (n = 74) while adjusting for gender (n = 39 for males and n = 35 for females), B*57 (n = 9), HLA-B allele sharing between donor and linked-recipient (n = 20), and RC of the transmitted virus, which was dichotomized on the lowest tercile as previously reported (n = 25; Prince et al., 2012) . All VL data were log 10 transformed.
The unadjusted association between transmitted proportion of preadapted sites and nonassociated polymorphisms as well as the ratio between these two variables (preadapted/ nonassociated) and the rate of CD4 decline to <350 cells/µl (n = 74) was assessed by a Cox regression, as implemented on IBM SPSS 21. A log-rank test (IBM SPSS 21) was implemented also to analyze the rate of CD4 decline in individuals with high and low values for each of these three variables that were dichotomized using cut-off values that were consistent with those obtained from the multivariable analysis (RSF).
Multivariable models were applied to assess the impact of each of these three variables on the rate of CD4 decline while adjusting for several host genetic and viral characteristics known to influence this rate. These variables included: gender (n = 39 for males and n = 35 for females), expression of protective alleles such as A*74 (n = 9), B*14:01 (n = 5), B*57 (n = 9), B*58:01 (n = 8), B*57/B*58:01 (n = 17) and B*81 (n = 4), HLA-B allele sharing between donor and linked-recipient (n = 20), RC of the transmitted virus (dichotomized on the lowest tercile; n = 25), and early set-point VL. Initially, we applied the RSF method using the R package "randomForestSRC" (Ishwaran et al., 2008; Ishwaran and Kogalur, 2010) . This is a relatively new statistical technique for the analysis of right-censored survival data that does not make the proportional hazard assumption. It is an ensemble tree method based on growing a large number of survival trees using bootstrap samples. For each tree, at each split, the variable is chosen from a random subset of variables by maximizing survival difference between daughter nodes. The final prediction is obtained by combining the outcome of all the trees. Here, the interest was mainly in the capability of selecting important variables and identifying variable interactions. Afterward, we confirmed these results by performing a multivariable Cox regression (IBM SPSS 21) including the main predictive variables identified by the RSF analysis that consisted in the three variables of interest along with RC. We were not able to include early setpoint VL in this multivariable model due to the highly significant correlation observed with the three variables of interest.
Differences in the number and percentage of responsive epitopes as well as in the magnitude of the IFN-γ responses between groups were assessed using the Mann-Whitney U test, as implemented in Prism 6. A Fisher's exact test was used to compare the proportion of responsive/nonresponsive adapted and nonadapted epitopes, as implemented in Prism 6.
Online supplemental material A list of all autologous peptides evaluated per linked recipient is provided in Table S1 . A list of the novel epitopes identified is provided in Table S2 . Online supplemental material is available at http ://www .jem .org /cgi /content / full /jem .20151984 /DC1.
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